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Introduction
BSM Operators

Standard model CP violation in the weak sector.
Strong CP violation from dimension 3 and 4 operators anomalously
small.

o Dimension 3 and 4:

» CP violating mass
« Toplogical charge

e Suppressed by vgpw/Maq\:

« Electric Dipole Moment 1;7)_2,“,};/”//5;_
e Chromo Dipole Moment %, G"").

e Suppressed by 1/MZq\:

« Weinberg operator (Gluon chromo-electric moment):
GGG
» Various four-fermi operators.
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Introduction
Effective Field Theory

Energy

fundamental CP—odd phases>
TeV

a

nuclear
neutron EDM

atomic

Pospelov and Ritz, Ann. Phys. 318 (2005) 119.
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Introduction

Form Factors

Vector form-factors
Dirac Fy, Pauli Fy, Electric dipole F3, and Anapole F4

Sachs electric Gg = F; — (q2/4M2)F2 and magnetic Gy = F + Fa

[yl Fald?
(NVU@IY) = T |y Fa(g?) + 80272, P20
my

+ (2i mNY5qu — VuV59°) 2
N
[’Y;u 71/] . g (QQ)

T W DT,

UN

The charge G (0) = F1(0) = 0.

G (0)/2Mp = F2(0)/2M py is the (anomalous) magnetic dipole moment.
F3(0)/2m y is the electric dipole moment.

F 5 violates PT; F'3 violates CP.

[} =l =
Tanmoy Bhattacharya nEDM from BSM

Fa(q®)




Introduction
Lattice Calculation

3 . Technique
Two point functions q A
P . Three-point function
Three point functions
Future

Lattice Calculation
Technique

nEDM due to the quark EDM operator is given by the tensor
charge, gr.

See talk by Rajan Gupta.
The quark chromo-EDM operator is a quark bilinear and can be
handled by the Schwinger source method

P +m— 2D + o TGy — B+ m — £ D? + T (e G + 66G)
The fermion determinant gives a ‘reweighting factor’

det(Ip +m — 5D? + M (ey Gy + 1€G 1)
det(DD +m — ED? + ¢,y 24 G,,)

p)
exp [ie Tr 4G (D +m — %Dz + cst“”GW)*l} :

= expTrin [1 + i€ Z“”CN?,“,(D +m — I p? 4F CstWG;w)fl]

%
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Lattice Calculation

Three-point function

The chromoEDM operator is dimension 5.
Uncontrolled divergences unless € < 4maAqep ~ 1.
Need to check linearity.
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Two point functions

Ensembles

Ensembles

Neutron Propagator
Linearity

O(a) effects

Tests with Clover fermions on MILC 2-+1+41 HISQ ensembles.
e a=0.1207(11) fm, M:* = 305.3(4) MeV,

MY = 310.2(2.8) MeV,

L3 x T =243 x 64, k ~ 0.1272103, cgw = 1.05094,

ulY'P = 0.9358574(29).

400 Configurations, 64 LP + 8 HP calculations/configuration.

Use two CP violating operators that mix under renormalization.

e CEDM: a?¢ G - T4

Tanmoy Bhattacharya
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Two point functions

Neutron Propagator

Neutron operator

= 1+ . ,
€abe [d“T%ww (74> ub} e' N5 g

e oy chosen to make the
asymptotic “free"” fields
have the standard parity

e o state dependent

o PT symmetry = ay is
real

Preliminary; Connected Diagrams Only
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Two point functions
Linearity

Preliminary; Connected Diagrams Only

a
30fm

~ 6.6MeV a ~ 0.36 ma for experiments.
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O(a) effects
Two point functions
O(a) effects

« is a Lorentz scalar, independent of momentum.
On the lattice, see a momentum dependence.

%‘%%

CEDM-D +—v—
CEDM-U +—o—

Preliminary; Connected Diagrams Only
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Projection

F3 Form factor from CEDM
Variance Reduction

nEDM from cEDM

Three point functions

Projection

The three point function we calculate is

1+
2
(QIN'(0,0)Vu(q, ) N'(5, T)|2) =
Z e 1Ny, et (n|V,(q)|n") e B (T-t)g o000

n,n’

N' = d°~5 ud=e @NBN

We project onto only one spinor component with

1
P = 5(1 +74) (1 + 7v573)

Tanmoy Bhattacharya nEDM from BSM



Introduction

Lattice Calculation
Two point functions
Three point functions
Future

Projection

F3 Form factor from CEDM
Variance Reduction

nEDM from cEDM

We isolate the matrix elements using the combination

Cipt(q; 7, 1) \/ Capt (t; 0)Capt (73 0) Capt (T — 5 —q)
Copt(730) | Copt(t; =) Copt (75 —q) Capt (T — £;0)

WHEE

e (3t are the projected 3pt functions

o (o are the real parts of projected 2pt functions
One then has

. 2m\/2E .
57 cos algsvV'E +m(q} + ¢3)(E + mcos 2a)]

X [cos a(E +m)2(RV1 + eRVa) +

+ g3sina[(E + m)(@RVi — aRVa) + (¢ + )RV
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Three point functions

Three point functions
F3 Form factor from CEDM

1=12 &+ 1=10 &« 1=8 =& 1=12 & 1=10 r&« =8 &~

o
=]
=
a
=
]

1=12 r8+ 1=10 &« 1=8 =&~

Preliminary; Connected Diagrams Only
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nEDM from cEDM

Three point functions

Variance Reduction

Many combinations are zero by continuum symmetries. For
example,

z9 = cEDM(e=0)

z21 = —(E — m)szL + @RI + 2RV + g3RV3

zo = tana(qRVa — RV1) — (B + m)RVz — ¢3SV
23 = —(E — m)%Vz; + @1 SV1 + SV + ¢3S V3

2y = @SVI—qSV;

z5 = @SVI—qSV2
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nEDM from cEDM

But these may have non-zero correlations with F3. If 0%, and o2
are the variances and 0%, and afj are the covariances, then

2 [ -2
Fy —opi(07%)ij2
has lower variance.

Currently, showing results only with zj.

e For cEDM, the coefficient = 0.99

e For Pseudoscalar, the coefficient = 0.90

Tanmoy Bhattacharya nEDM from BSM
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CEDM,

Variance Reduction

Three point functions

1=12 8+ 1=10 re~

=12 & 1=10 re~

/8y

CEDM, D

3

=12 & 1=10 o

1=12 -8+ 1=10 v« 1=8 r&~

Preliminary; Connected Diagrams Only; Neutron
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Three point functions
nEDM from cEDM

1=12 & 1=10 r&« =8 v~

=12 & 1=10 &~
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Future

Next steps in progress

Weinberg operator

Reduce variance

Tanmoy Bhattacharya

Next steps in progress

Mixing with lower dimensional operators
Weinberg Operator

Machine learning

Disconnected diagrams, fits, and extrapolations
Mixing with lower dimensional operators

Renormalization (gradient flow?)

nEDM from BSM
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Mixing with lower dimensional operators
Weinberg Operator

Machine learning

Future

Mixing with lower dimensional operators

e cEDM mixes with a=21y51) even in a theory with chiral
symmetry.

e Mixing structure different when chiral symmetry is broken, but
no other operators.

® RI-sMOM scheme worked out, but complicated (More difficult
if no chiral symmetry).

® In Gradient Flow scheme, smearing cEDM allows smooth
a — 0 limit at fixed physical smearing ¢.

e Continuum calculation mixes matrix elements of cEDM and
t~14)y51) to obtain cEDM in other schemes.

Tanmoy Bhattacharya nEDM from BSM
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Future
Weinberg Operator

Weinberg operator mixes with the ©-term.
Large fluctuations from configuration to configuration.

Smearing reduces the ultraviolet fluctuations; scale dependence
remains.

a12m310 —a— al2m310 —a&—
a09m310 —e— . a09m310 —e—

QCD ©-term

555335555 Wit 1t 1024

Nive
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Future

Machine learning

Variance reduction due to correlation between different observables:
using different momentum channels to get further reductions.

Can also use the correlations to measure quantities: similar to
reweighting or unraveling.

Predicting imaginary part from real part

Tanmoy Bhattacharya nEDM from BSM
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